After spending almost a decade in a radio-quiet state, the Anomalous X-ray Pulsar XTE J1810-197 turned back on in early December 2018. We have observed this radio magnetar at 1.5 GHz with ∼daily cadence since the first detection of radio re-activation on 8 December 2018. In this paper, we report on the current timing properties of XTE J1810-197 and find that the magnitude of the spin frequency derivative has increased by a factor of 2.6 over our 48-day data set. We compare our results with the spin-down evolution reported during its previous active phase in the radio band. We also present total intensity pulse profiles at five different observing frequencies between 1.5 and 8.4 GHz, collected with the Lovell and the Effelsberg telescopes. The profile evolution in our data set is less erratic than what was reported during the previous active phase, and can be seen varying smoothly between observations. Profiles observed immediately after the outburst show the presence of at least five cycles of a very stable ∼50-ms oscillation in the main pulse component that lasts for at least tens of days. This remarkable structure is seen across the full range of observing frequencies.
INTRODUCTION
Magnetars are slow-spinning neutron stars with extremely high surface magnetic field strengths. Their emission is thought to be powered by the decay of their magnetic fields (Duncan & Thompson 1992) , and they are known to occasionally undergo very bright X-ray outbursts. XTE J1810-197 is one of 23 currently known magnetars 1 , and was the first of only four known to emit radio pulsations (Camilo et al. 2006 ). It has a spin period of ∼5.54 s and an inferred surface magnetic field strength of ∼2×10 14 G. The radio emission from XTE J1810-197 was detected a year after an X-ray outburst in 2003 (Halpern et al. 2005) and was observed to fade as the X-ray emission faded for a few years after the outburst. During this time, the magnetar displayed pulsed radio emission that was highly variable, both with respect to integrated pulse profiles (Camilo et al. 2007b) , to the single pulse parameters (Serylak et al. 2009 ) and to spin down parameters (Camilo et al. 2007b ). The emission exhibited nearly 100% linear polarisation, which could be seen at a range of observing frequencies in both the integrated pulse E-mail: Lina.Preston@manchester.ac.uk 1 http://www.physics.mcgill.ca/∼pulsar/magnetar/main.html profiles and in single pulses (Kramer et al. 2007; Camilo et al. 2007a) . Also the spectral index of the radio emission fluctuated with time (Camilo et al. 2007c; Lazaridis et al. 2008) . The X-ray flux returned to pre-outburst values in -2008 (Bernardini et al. 2011 ) and the radio pulsations dropped below the radio detection threshold in late 2008 (Camilo et al. 2016 ).
On 8 Dec 2018, we detected a bright pulsed radio signal at 1.52 GHz from the magnetar XTE J1810-197 with the Lovell telescope at Jodrell Bank Observatory (JBO), as part of a regular monitoring program of this source (Lyne et al. 2018) . This detection marked the end of a decade of radioquietness, and XTE J1810-197 has been detected with high flux density in all our subsequent observations. It is unclear exactly when the radio emission was re-activated. The last non-detection in the radio band collected at JBO occurred on 26 Oct 2018. In the X-ray band, the MAXI telescope has detected emission from XTE J1810-197 at 2-10 keV since 26 Nov 2018, with the last non-detection collected on 20 Nov 2018 (Gotthelf et al. 2019) . Subsequently, also the NuSTAR telescope detected pulsed X-ray emission from the magnetar, with flux up to at least 30 keV, in an observation on 13 Dec 2018 (Gotthelf et al. 2018 ). The NuSTAR observation shows an absorbed 2-10 keV flux of (2.12 ± 0.07) × 10 −10 erg/s/cm 2 (Gotthelf et al. 2019) , which is twice as bright as the maximum possible X-ray flux from 2003, when the magnetar was last observed in outburst, calculated by fitting an exponential decay model and extrapolating back to the last non-detection (Gotthelf & Halpern 2007) .
Following the 1.52-GHz JBO detection, XTE J1810-197 has been detected also at a number of other radio telescopes at centre frequencies ranging from 650 MHz up to 32 GHz (e.g. Desvignes et al. 2018; Lower et al. 2018; Joshi et al. 2018; Majid et al. 2019) . Dai et al. (2019) report on three observations using the Ultra Wideband Low receiver at the Parkes Radio Telescope, that show large variation in the polarised emission, profile evolution over the band, and a flat radio spectrum.
. In this paper, we will describe the pulse profile variations and timing parameters derived from data collected with the Lovell telescope and the Effelsberg 100-m telescope since the first detection of the re-activation of XTE J1810-197.
OBSERVATIONS
In anticipation of a radio re-activation, we have monitored XTE J1810-197 since the beginning of 2009, when possible on a monthly timescale using the 76-m Lovell telescope at JBO. After the re-activation was detected, observations with the Lovell telescope were carried out on a ∼daily cadence, with 42 observations spanning 47 days. The length of each observation varied from 20 minutes to several hours, but most (34 of 42) of the observations were between 30 and 60 minutes long. The data were collected over a 384-MHz wide band centered at 1520 MHz and divided into 768 frequency channels. Each observation was then folded and dedispersed online with an initial timing ephemeris, which was precise enough that no significant smearing across each 20-second long sub-integration was observed. Archive files with 1024 phase bins across the pulse period were written out with all four Stokes parameters and 32 frequency channels. The data were manually inspected and cleaned of radio-frequency interference.
Observations with the Effelsberg 100-m telescope of the Max Planck Institute for Radio Astronomy in Germany were collected using four different receivers with centre frequencies (and bandwidth) of 2.25 GHz (500 MHz), 4.85 GHz (500 MHz), 6.0 GHz (4000 MHz), and 8.35 GHz (500 MHz). At all frequencies, all four Stokes parameters were recorded across multiple (from 128 to 4096) frequency channels. We have collected 12 observations on 6 separate days, each typically 10-20 minutes long.
PROFILE EVOLUTION
The pulse profile of XTE J1810-197 has changed significantly since detection. The total intensity profiles at 1.52 GHz from JBO are shown in Fig 1. These data are not flux calibrated, and each profile has been normalised by its maximum power. Compared to what was observed the last time XTE J1810-197 was active in the radio band (Camilo et al. Figure 1 . Normalised total intensity profiles for all observations collected with the Lovell telescope at 1.52 GHz, using 1024 pulse phase bins and displaying 35% of the rotation. The profiles have been aligned using the timing parameters as reported in Table 1 . Note the presence of a stable oscillatory structure on the top of the main (brightest) component during the first 10 observations. 2007b; Kramer et al. 2007) , the profile changes observed during the first two months since the re-activation are less extreme. The temporal evolution of the pulse components can be tracked in our daily observations and are seen to grow and fade with time and drift in relative position. The main peak of the profile has become narrower during the time since it was first redetected, with W 50 =4.4% on MJD 58460.6 reducing to W 50 =2.7% on MJD=58507.3, where W 50 is the pulse width expressed as percentage of the pulse period at 50% of the peak intensity. At the start of the observations, the precursor component was wider than the main pulse and with peak intensity approximately one third of the main peak. The relative intensity of the pre-cursor to the main peak, and the width of the pre-cursor have both reduced with time, and it is barely visible in the last few observations. A narrow post-cursor component appeared around MJD 58468 and grew in intensity over the next ∼20 days. Towards the end of the data span, this post-cursor seems to be intermittent, being bright in some observations and completely Figure 2 . Frequency evolution of the total intensity pulse profiles on MJD 58468 and MJD 58487. The 1.52-GHz data is collected with the Lovell telescope and the higher frequencies with the Effelsberg telescope. The observations on each day were collected consecutively with Effelsberg, and overlapping in time with at least part of the JBO observations. All observations were created with 1024 pulse phase bins and 35% of the rotation is displayed. The profiles have been aligned using the timing parameters as reported in Table 1 . absent in others (see e.g. MJDs 58500.5 and 58501.5 in Fig.  1) .
A comparison with higher frequency observations from Effelsberg is shown in Fig 2. Here we can see that the main pulse component becomes narrower at higher observing frequency, and different parts of the main pulse are brighter at different frequencies (see e.g. MJD 58468 at 1.52 GHz compared to 8.35 GHz). Both the pre-cursor and the postcursor are relatively strong at 1.52 GHz, and get weaker at higher observing frequencies. Neither is visible in the 8.35 GHz data. When making these comparisons, it is important to note that the Effelsberg observations in general are shorter than those collected at the JBO, and hence have sampled fewer rotations of the magnetar. The length of each observation is noted on the relevant panel in Fig 2. A deeper analysis of the high frequency data, including a study of the polarisation properties of all Effelsberg and JBO data, will be published in Desvignes et al (in prep) .
Periodicity within main profile component
Close inspection of the first few JBO observations (Fig. 1) shows that the main profile component has a flat top with a superposed oscillatory structure. This oscillation has a period of ∼50 ms and is stable in phase and amplitude even between observations. This high-frequency structure is revealed more clearly by application of a high-pass filter to the profiles presented in Fig. 1 to remove the obfuscating broad structure of the pulses. Fig. 3 shows a grey-scale image of the filtered data, showing that the oscillations are stable in strength and phase for about 10 days, before becoming weaker, less stable in phase and less distinct. These oscillations are present in both JBO and Effelsberg data at all observing frequencies, as can be seen in Fig. 4 . Since the 1.52-GHz data from JBO shows that the structure is stable and fades at around MJD 58468, we have averaged all available profiles obtained up to this date to improve the signal-to-noise ratios in each frequency band. The good alignment of the peaks and troughs of the filtered profiles and the strong correlation coefficients at zero delay between the profiles in all 3 bands can be seen clearly.
No similar periodicity has been detected in any of the other profile components.
TIMING
Using the ∼daily 1.5-GHz observations collected with the Lovell telescope since the radio re-activation, we have obtained a phase-connected timing solution. Times of arrival (ToAs) were created by cross-correlating a standard profile with each observed pulse profile using the psrchive 2 (Hotan et al. 2004 ) software package, and timing solutions were obtained using tempo2 3 (Hobbs et al. 2006) . To analyse how the timing precision is affected by the choice of standard profile, we used a range of shapes based on the different pulse profiles from different epochs and compared the resulting timing precision. We found that the best overall fit (i.e. lowest RMS), which also resulted in the most evenly sized errors for the arrival times of separate epochs, was achieved when using a standard profile that was based on an average profile from a range of observing epochs, and meant that a single standard profile could be used throughout the entire timing process. Here we have used a standard profile that was created by aligning observations from 8-24 Dec 2018 (∼8.5 hours of data). The resulting timing solution is presented in Table 1 . The only values fitted for were spin frequency (ν) and its derivatives. The position of the pulsar was held fixed at the value reported by Helfand et al.
2 http://psrchive.sourceforge.net/ 3 https://www.atnf.csiro.au/research/pulsar/tempo2/ (2007) using VLBA observations. Since the timing analysis was performed at a single observing frequency also the DM was held fixed (at 178 pc cm −3 ).
The two lower panels in Fig. 5 show timing residuals for the entire ∼50-day data-set. The middle panel displays residuals from a fit to ν and ν, showing a clear cubic trend. In the bottom panel frequency derivatives up to ν have been included, resulting in a better fit with smaller residuals. The parameters from both timing fits are shown in Table 1 .
The timing model suggests that ν is changing rapidly, and we have performed a stride fit to the data to show the evolution of ν with time. This is plotted in the top panel of Fig 5, showing that | ν| more than doubled within the first 15 days of observing, and that the rate of change is decreasing with time. The first measured value, ν = −1.2(1) × 10 −13 Hz s −1 at MJD=58460-58465, is similar to the values measured by Camilo et al. (2016) just before the radio pulsations from the magnetar became undetectable in 2008 (∼ −9 ×10 −14 Hz s −1 around MJD=54700). Over the next ∼50 days, | ν| increased to a value similar to the first measured value for radio pulsations in 2006: ν = −3.19(8) × 10 −13 Hz s −1 at MJD=58495-58507 compared 0.01
Note:
The only values fitted were the spin frequency and its derivatives. * These values were obtained by fitting for ν and ν only. The resulting residuals are shown in the middle panel of Fig. 5 . Figure 5 . Post-fit residuals for data collected at the JBO from 8 Dec 2018 until 24 Jan 2019. The top plot shows how the frequency derivative is changing with time, using ∼10 days of data in each fit, with a stride timescale of 5 days. In addition, we have included a first frequency derivative fit using only the first 5 days (8 observations), to show the great change in ν in the beginning of the time span. The middle panel shows a fit to the entire JBO data set, using a timing model that includes ν and ν. In the bottom panel, ν, ν, and ν have also been included. The parameters from the fits to the full data set are shown in Table 1 .
to ν = −3.3 × 10 −13 Hz s −1 around MJD=53830 (Camilo et al. 2007b) . During the radio-quiet phase, XTE J1810-197 was still emitting X-ray pulsations and so it was possible to continue to time it (Pintore et al. 2016a (Pintore et al. , 2019 . The reported timing solutions suggest that the spin-down has been relatively stable during the quiescent phase, with ν = −9.2059(16) ×10 −14 Hz s −1 at MJD=55444 (Pintore et al. 2016b ) and ν = −9.26(6) ×10 −14 Hz s −1 at MJD=58002.5 (Pintore et al. 2019) .
DISCUSSION
The on-set of radio pulsations in XTE J1810-197 was detected between 12-18 days after the X-ray emission was enhanced as observed by MAXI (Gotthelf et al. 2019) . This is much closer in time than after the 2003 outburst, when the radio emission was only detected ∼a year after the X-ray enhancement (Halpern et al. 2005 ). X-ray monitors missed the 2018 outburst, primarily due to the proximity of the magnetar's line of sight to the Sun during this time. This highlights the importance of radio monitoring of these sources even through radio-quiet phases, as without it the radio reactivation of XTE J1810-197 would have gone unnoticed. The outburst and spin-down history of XTE J1810-197 is plotted in Fig. 6 . The observations of XTE J1810-197 collected during the first few hundred days after the 2003 outburst were unfortunately not sampled densely enough to resolve the details of the spin-down evolution directly after the burst. However, previously published values show highly variable mean ν-values for ∼500 days after the outburst (see Fig. 6 ), followed by ∼1000 days of slowly decreasing | ν|, and finally reaching a minimum value ∼1500 days after the outburst. The spin-down remained relatively stable at this minimum value of | ν| after the radio pulsations turned off in 2008. The last published ν-value ( ν = −9.26(6) × 10 −14 Hz s −1 at MJDs 57932-58181) by Pintore et al. (2019) is similar in magnitude to the first measured value in this work ( ν = −1.2(1) × 10 −13 Hz s −1 at MJDs 58460-58465). Over the next 48 days, | ν| has increased by a factor of 2.6, with the most rapid increase occurring during the first 15 days.
The rapid torque increase observed since the latest outburst is not unusual for radio magnetars. Similar | ν| increases were seen both shortly after the 2017 outburst of PSR J1622-4950 (Camilo et al. 2018) and after the 2008 outburst of 1E 1547.0-5408 (Dib et al. 2012) . Large torque variations were also observed after each of three outbursts of the Anomalous X-ray Pulsar (AXP) 1E 1048.1-5937 (Archibald et al. 2015) , however no similarly rapid torque increase was detected directly after the outbursts. Instead Archibald et al. (2015) report on large ν variations starting ∼100 days after the outbursts and continuing for a few hundred days, before ν stabilises again. Similar large ν variations were seen after the 2007 outburst of PSR J1622-4950 (Levin et al. 2012; Scholz et al. 2017) , and after the 2003 outburst of XTE J1810-197 as described above. In both cases, the large variations were followed by a slow decrease in ν until the pulsed radio emission turned off.
A rapid torque increase was also observed after the 2016 X-ray outburst of PSR J1119-6127 (Dai et al. 2018) , which is a rotation powered pulsar displaying magnetar-like features. Directly after the X-ray outburst, the pulsed radio emission from PSR J1119-6127 turned off for ∼10 days (Burgay et al. 2016a,b) . When it turned back on, | ν| was observed to increase rapidly for ∼30 days and then slowly return to the pre-outburst value after about 300 days (Dai et al. 2018) . For PSR J1119-6127, the increase in spin-down torque seemed to be correlated with an increase in radio flux density, with the largest measured | ν|-value corresponding to the highest measured radio flux density value. We see no similar correlation for XTE J1810-197. In intermittent pulsars, | ν| has been shown to be larger when the radio pulsations are on than when the pulsar is in Ibrahim et al. (2004) , circles show values from Camilo et al. (2016) , the diamond-shaped value is from Pintore et al. (2016b) , and the square-shaped point is from Pintore et al. (2019) . The blue crosses are estimated from the radio timing values in Camilo et al. (2016) , and the green points (after MJD=58460) are from the radio timing presented here (shown in more detail in Fig. 5 ). The black dashed line marked a represents the approximate time of the original X-ray outburst (Ibrahim et al. 2004) , b shows the time of detection of a radio point source (Halpern et al. 2005) , the area between c and d shows the previous active phase of radio pulsations (Camilo et al. 2016) , the dashed line marked e shows the recent MAXI detection of increased X-ray emission (Gotthelf et al. 2019) , and the grey region by e represents the time between our last non-detection in the radio band and our first observation in the radio-active state.
its off state (Kramer et al. 2006) . Similar trends are observed in both PSR J1622-4950 (Scholz et al. 2017; Camilo et al. 2018 ) and XTE J1810-197, with the lowest value of | ν| being observed just before the magnetars turned off in the radio band, and then increasing when radio pulsations are on.
Given the relative stability of ν during the radio-quiet phase, it is possible to estimate what the spin period of XTE J1810-197 would be at the current observing epoch, if the spin-down parameters remained stable through the outburst. By extrapolating from the values of spin period and period derivative given in Pintore et al. (2019) to the epoch of our first detection after the outburst, we found that the measured spin period (P = 5.5414391(1) s on MJD 58461.5) is smaller than the one expected from the extrapolation (P = 5.541463 s) (Lyne et al. 2018 ). This could be interpreted as a glitch occurring in connection with the X-ray outburst. Gotthelf et al. (2019) calculates a possible glitch magnitude of ∆ν/ν = (4.52 ± 0.15) × 10 −6 , which is similar to (although slightly larger than) the value of 4.32×10 −6 , which follows from our timing measurements. Glitches of that size are not unusual for magnetars (Dib & Kaspi 2014) . On the other hand, if the spin down of the magnetar would have slowed down further between the last observation included in the solution in Pintore et al. (2019) and our first observation after the outburst, the period change becomes consistent without the need to introduce a glitch. That would require a ν ∼ −6.03 × 10 −14 Hz s −1 between MJDs 58181-58461.5, which is not unreasonable given the spread of ν's measured in the radio-quiet phase (see points between d and e in Fig. 6 ).
The 50-ms oscillations seen in the pulse profile for about 10 days after it was redetected are remarkable. Despite the usual variation of the magnetar pulse profiles (albeit less strong than seen a decade ago), it is unusual for them to per-sist for more than a week, being imprinted on the emission at all radio frequencies that we observed. We note in passing that those oscillations are unrelated to apparent similar features seen in the position angle swings observed at 8.45 GHz by Kramer et al. (2007) . These were evidently caused by power-line signal of 50 Hz leaking into the data. The oscillations here have a characteristic frequency of 20 Hz and are seen at different frequencies and different telescopes at the same time. We can speculate that this feature may be related to the event which triggered the X-ray and radio emission. Possibly this event set up a set of high-sphericaldegree non-radial oscillations aligned with the magnetic axis of the source similar to those described in Clemens & Rosen (2004) . Quasi-oscillations of X-ray emission during magnetar flares are not uncommon (e.g. Strohmayer & Watts 2005; Israel et al. 2005) , with frequencies of similar magnitude. If magnetar bursts are related to crustal activities connected to the magnetic field, surface waves may be triggered in the neutron star crust with a wide spectrum of frequencies (e.g. Piro & Bildsten 2004) . It is possible that the observed oscillations are related to such surface waves. In this case, the duration of the phenomena may provide information of the underlying mechanism.
The pulse profile observed from the XTE J1810-197 in May to August 2006 showed dramatic variations in fluxes, shape and positions of different components across all the frequency bands on timescales as short as a few days (Kramer et al. 2007; Camilo et al. 2007b ). Comparison of pulse profiles on longer timescales also show variations, but with the lower cadence the nature of the timescale of the variability is less easy to judge (Camilo et al. 2016) . The pulse variations seen so far from the source have been significantly less dramatic, on timescales from hours to months, than seen in 2006. It will be interesting to see whether this changes as we get further from the event which triggered the radio emission again, i.e. at a time after the burst similar to the 2006 observations. Perhaps it also might show some correlation with a change from a negative to positive rate of change of the frequency derivative, i.e. as it returns to the quiescent value.
